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AddictionFrontostriatal circuitry is implicated in the cognitive distortions associatedwith gambling behaviour. ‘Near-miss’
events, where unsuccessful outcomes are proximal to a jackpotwin, recruit overlapping neural circuitry with ac-
tualmonetarywins. Personal control over a gamble (e.g., via choice) is also known to increase conﬁdence in one3s
chances of winning (the ‘illusion of control’).
Using psychophysiological interaction (PPI) analyses, we examined changes in functional connectivity as regular
gamblers and non-gambling participants played a slot-machine game that delivered wins, near-misses and full-
misses, and manipulated personal control. We focussed on connectivity with striatal seed regions, and associa-
tions with gambling severity, using voxel-wise regression.
For the interaction term of near-misses (versus full-misses) by personal choice (participant-chosen versus
computer-chosen), ventral striatal connectivity with the insula, bilaterally, was positively correlated with gam-
bling severity. In addition, some effects for the contrast of wins compared to all non-wins were observed at an
uncorrected (p b .001) threshold: there was an overall increase in connectivity between the striatal seeds and
left orbitofrontal cortex and posterior insula, and a negative correlation for gambling severitywith the connectiv-
ity between the right ventral striatal seed and left anterior cingulate cortex.
These ﬁndings corroborate the ‘non-categorical’ nature of reward processing in gambling: near-misses and full-
misses are objectively identical outcomes that are processed differentially. Ventral striatal connectivity with the
insula correlated positively with gambling severity in the illusion of control contrast, which could be a risk factor
for the cognitive distortions and loss-chasing that are characteristic of problem gambling.
© 2014 The Authors. The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Good decisionmaking is partly dependent on the ability to accurate-
ly evaluate the outcomes of decisions, and past research using function-
al magnetic resonance imaging (fMRI) has implicated a network of
regions in reward processing and incentive-based learning, including
the orbitofrontal cortex (OFC), amygdala, insula, and ventral striatum/
nucleus accumbens (Elliott et al., 2000; Schultz et al., 2000; Knutson
et al., 2001; Pagnoni et al., 2002; Elliott et al., 2003; Haber et al.,
2006). Abnormal recruitment of these regions is associated with patho-
logical risk taking and addictive behaviours, including problem gam-
bling (e.g., Verdejo-Garcia and Bechara, 2009; van Holst et al., 2010).
Recent connectivity research has enabled a further characterization of
this circuitry, showing that duringmonetary gains and losses, functional
connectivity increases between the ventral striatum and the medialy Elsevier Inc. This is an open accessprefrontal cortex (e.g., Camara et al., 2008; Harsay et al., 2011; Cohen
et al., 2012; Park et al., 2012; van den Bos et al., 2012). For example,
Park et al., showed that effective coding of prediction errors (i.e. the dif-
ference between the obtained and the expected outcome)was signalled
by changes in connectivity between the striatum and reward-sensitive
regions in themidbrain andmedial prefrontal cortex, with individual dif-
ferences in connective strength being further predictive of behavioural
responses (Park et al., 2010; Harsay et al., 2011; Wallace et al., 2011).
Gambling games are an ideal probe to investigate this circuitry, be-
cause of the ability tomaximize outcomeuncertainty and elicit anticipa-
tion, via real monetary wagers and outcomes (Clark, 2010; Kishida and
Montague, 2012). Work with realistic gambling games has begun
to highlight a number of novel features that modulate reward
responsivity. One example is the ‘near-miss effect’, when an unsuccess-
ful outcome is proximal to a designated win, such as when two cherries
are displayed on a three-reel slot machine. Near-misses are reported as
subjectively unpleasant but enhancemotivations to gamble (Clark et al.,
2009), and manipulating the frequency of near-misses inﬂuencesarticle under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
233R.J. van Holst et al. / NeuroImage: Clinical 5 (2014) 232–239gambling persistence (Kassinove and Schare, 2001; Cote et al., 2003).
Using neuroimaging, near-misses were shown to recruit parts of the
brain reward system that overlapped with responses to the actual
wins, in the ventral striatum and anterior insula (Clark et al., 2009). In
a neuropsychological study, damage to the insula was also associated
with a diminished sensitivity to near-misses, as well as the ‘gambler3s
fallacy’ (Clark et al., 2014). In regular gamblers, the level of problematic
gambling (on the South Oaks Gambling Screen) predicted a greater re-
sponse to near-misses in amidbrain region proximal to substantia nigra
(Chase and Clark, 2010), implying that these near-miss effects may be
potentiated in problem gamblers (Chase and Clark, 2010; Habib and
Dixon, 2010).
Another feature that has been shown to inﬂuence gambling behav-
iour is the ‘illusion of control’. It is frequently observed that gamblers
have an inﬂated conﬁdence when given the opportunity to choose
their lottery ticket or throw dice or roulette ball themselves, compared
to the condition where the action is performed by another (Langer,
1975; Stefan and David, 2013). Of course, in a game of chance, personal
control carries no objective beneﬁt. The presence of personal control
may be a core factor in causing the gambler tomistake a game of chance
for a game with some skill component. In a previous study using a two-
reel slotmachine task, the neuronal correlates of this ‘illusion of control’
were assessed bymanipulating whether the participant or the comput-
er selected the ‘play icon’prior to each reel spin (Clark et al., 2009; Chase
and Clark, 2010). An interaction between personal control and near-
miss outcomes was expressed in rostral anterior cingulate cortex
(ACC) (Clark et al., 2009), and signal in this area was attenuated in reg-
ular gamblers (Chase and Clark, 2010).
As a clinical entity, pathological gambling has been reliably associat-
ed with abnormal activation patterns in this brain reward circuitry on
gambling-like games (Reuter et al., 2005; Tanabe et al., 2007; de
Ruiter et al., 2009; Balodis et al., 2012; Miedl et al., 2012; van Holst
et al., 2012a). However, the direction of the reported abnormal re-
sponses in the reward system has been far from consistent (van Holst
et al., 2012b), with some studies reporting diminished win-related ac-
tivity in pathological gamblers (Reuter et al., 2005; Tanabe et al., 2007;
de Ruiter et al., 2009; Balodis et al., 2012), and others describing
hyper-activity in the same areas (Miedl et al., 2010; Miedl et al., 2012;
van Holst et al., 2012a). Similar discrepant ﬁndings are observed in
drug-addicted cohorts (for reviews see; Hommer et al., 2011;
Limbrick-Oldﬁeld et al., 2013). Analysis of functional connectivity
changes may help clarify these disruptions in underlying processing,
in order to resolve these seemingly contradictory ﬁndings. For example,
individuals with alcohol dependence were found to have intact striatal
processing of reward value, but a behavioural impairment in the subse-
quently learning from these signals, which was further predicted by
functional connectivity between the striatum and prefrontal cortex
(Park et al., 2010). Thus, while task-related increases or decreases
seem to be sensitive to minor changes in tasks and/or analysis models,
changes in functional connectivitymay bemore reliable as they indicate
network-level integrity.
The present study sought to examine the neural correlates of gam-
bling near-misses and illusion of control, focussing on changes in fMRI
connectivity. We had two aims: the ﬁrst was to investigate the overall
changes in functional connectivity following different gambling out-
comes, combining the non-gambling participants from Clark et al.
(2009)with the regular gamblers fromChase and Clark (2010). The sec-
ond objectivewas to characterize the associations between connectivity
changes and gambling severity, treating SOGS score as a continuous
variable indexing problem gambling. We used a generalized psycho-
physiological interaction analysis (gPPI: McLaren et al., 2012) in
order to model changes in connectivity across different task conditions:
1) wins versus all non-wins, 2) near-misses versus full-misses, and
3) the interaction of near-misses (versus full-misses) by personal choice
(participant-chosen versus computer-chosen trials). We selected seed
regions in the striatum from the GLM contrast of wins minus all non-wins, given that striatal foci are robustly activated in reward-related
processing and decisional tasks (Liu et al., 2011), and the striatum is an-
atomically situated as a ‘hub’with reciprocal connections with other re-
ward areas (Haber and Knutson, 2010).
2. Methods
2.1. Subjects
Non-regular gamblers (n = 15, 6 females) and regular gamblers
(n = 20, 2 females) were recruited via advertisement as described in
previous studies (Clark et al., 2009; Chase and Clark, 2010). Regular
gamblers were deﬁned as weekly gamblers. As the two studies were
designed separately, the groups were not intended to be matched for
demographic factors. All participants completed the South Oaks Gam-
bling Screen (SOGS; Lesieur and Blume, 1987), a 16-item self-report
scale assessing core symptoms and negative consequences of gambling
(e.g., loss chasing, borrowing money, lying about gambling, family con-
ﬂict). The SOGSwas therefore used to investigate individual differences
in gambling problems in relation to connectivity patterns. Subjects re-
ported minimal to extensive involvement in gambling, indexed by
scores on the South Oaks Gambling Screen of 0–19 (mean 1.91, SD
8.50, scores N5 indicate probable pathological gambling). Thirteen of
the group met the SOGS threshold of ≥5 for probable Pathological
Gambling (comorbidities are reported in Chase and Clark, 2010).
Two subjectswere excluded from the analysis due to technical prob-
lems, leaving a reported group size of 33: non-regular gamblers n=14
(5 females) and regular gamblers n= 19 (1 female). Subjects attended
an fMRI scanning session at the Wolfson Brain Imaging Centre,
Cambridge, U.K. The protocol was approved by the Norfolk & Norwich
Research Ethics Committee (COREC 06/Q0101/69) and all volunteers
provided written informed consent. Volunteers were reimbursed £40
for participation, with a further task-related bonus of £15. The regular
gamblers completed a structured psychiatric interview with a postdoc-
toral psychologist (Structured Clinical Interview for DSM-IV Axis I Dis-
orders; SCID) (First et al., 1996), reported in Chase and Clark (2010).
2.2. Procedure
During the fMRI scan, subjects completed 3 blocks of 60 trials on a
slot machine game (Clark et al., 2009; Chase and Clark, 2010). On each
trial, two reels were presented, with a horizontal ‘pay-line’. Six icons
were displayed on each reel, in the same order. Each trial commenced
with a selection phase: on participant-chosen trials with a white screen
background, the subject selected the play icon using two buttons to
scroll through the shapes, and a third button to conﬁrm selection. On
computer-chosen trials with a black screen background, the computer
selected the play icon, and the subject was required only to conﬁrm se-
lectionwith a key press. Following selection (5 s), the right reel spun for
a 2.8–6 s anticipation phase, and decelerated to a standstill, beginning
the outcome phase (4 s ﬁxed). At the end of each trial, there was an
inter-trial interval of variable duration (2–7 s). In the outcome phase,
if the right reel stopped on the selected icon (i.e. matching icons were
displayed in the pay-line), a £0.50 win was delivered; all other out-
comes won nothing. Trials where the right reel stopped one position
above or below the pay-line were designated ‘near- misses’. Non-win
trials where the reel stopped in one of the three remaining positions
(i.e. more than one position from the pay-line) were designated ‘full-
misses’. Participant-chosen (n = 90) and computer-chosen trials
(n = 90) were presented in a ﬁxed pseudo-random order, which
delivered a fair number of wins (1/6), near-misses (2/6) and full-
misses (3/6), and a total proﬁt of £15 that was paid on completion. Sub-
jective ratings were acquired on 1 in 3 trials (at random), using
onscreen 21-point visual analogue scales: following selection, subjects
rated “How do you rate your chances of winning?” and following the
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game?”.
Data from the subjective ratings were converted to standardized z
scores, based on each individual3s mean and standard deviation for
that rating, to account for the variability in anchoring across subjects.
Subjective ratings were analysed using repeated-measures analysis of
covariance (ANCOVA). The ANCOVA for the ‘chances of winning’ rating
control (participant-chosen, computer-chosen) as a factor and SOGS
score as a covariate. For the ‘continue to play’ rating, outcome (3 levels:
win, near-miss, full-miss) and control (2 levels: participant-chosen,
computer-chosen) were repeated-measures factors, and SOGS score as
a covariate.Fig. 1. Right and left striatal seeds based on peak activation. The left dorsalmedial striatum
seed is depicted in red. The right ventral striatum seed is depicted in blue.2.3. Imaging procedure
Scanningwas performed on a Siemens TimTrio 3 Teslamagnet using
a 32 slice axial oblique sequence, with a repetition time of 2 s (TE 30ms,
ﬂip angle 7, voxel size 3.1 × 3.1 × 3.0 mm, matrix size 64 × 64, ﬁeld of
view 201 mm × 201 mm, bandwidth 2232 Hz/Px). At the start of each
run, six dummy scans were discarded to allow for equilibrium effects.
Each 60 trial EPI run lasted a maximum of 630 repetitions (21 min),
but was terminated early on block completion. A high resolution T1-
weighted three-dimensional magnetization-prepared rapid acquisition
gradient-echo sequence (MP-RAGE) structural image was also acquired
for use in spatial normalization of the EPI series.2.4. Analyses
2.4.1. Standard GLM analyses
The fMRI data analysis and pre-processing was performed using
SPM8. Data preprocessing consisted of slice timing correction, within-
subject realignment, spatial normalization, and spatial smoothing
using a 10 mm Gaussian kernel. The time series were high pass ﬁltered
(128 s). Volumes were normalized to the International Consortium for
Brain Mapping (ICBM) templates that approximate to Talairach and
Tournoux (1988) space, using a matrix obtained from normalizing
each subject3s segmented MP-RAGE structural scan onto the ICBM
grey and white matter templates. A canonical haemodynamic response
function (HRF) was modelled to the onsets of the selection phase, the
anticipation phase and the outcome phase on each trial. At the selection
onset, two trial types were distinguished: participant-chosen trials and
computer-chosen trials. At both anticipation and outcome, eight trial
types were distinguished, comprising a 2 (choice: participant-chosen,
computer-chosen) by 4 (win, near-miss before the payline, near-miss
after the payline, full-miss) factorial design. The design matrix thus
comprised 18 (2 + 8 + 8) columns for each of the three sessions (54
task regressors), aswell as themovement parameters from realignment
which were included as regressors of no interest. The HRF was used a
covariate in a general linear model, and a parameter estimate was ob-
tained for each voxel, for each event type, reﬂecting the strength of co-
variance between the data and the canonical HRF. Results of these fMRI
analyses for each speciﬁc group have been reported previously (Clark
et al., 2009; Chase and Clark, 2010). We use a whole-brain voxel-wise
FWE p b 0.05 corrected threshold to report the results of the GLM
analyses.2.4.2. Selection of seed regions
Seeds for the gPPI analyses were identiﬁed using the GLM contrast
for win-related activity (all win–all misses) in the pooled sample of 33
participants, using the FWE p b 0.05 corrected threshold. We selected
two seed regions deﬁned as 5 mm radius spheres, around the
peak striatal voxels on either hemisphere, resulting in a right ventral
striatum (x, y, z: 16, 18, –6) seed and a left dorsal medial striatum
(x, y, z: –14, 0, 8) seed (see Fig. 1).2.4.3. Generalized PPI method
Data from the two original studies (Clark et al., 2009; Chase and
Clark, 2010) was pre-processed in SPM8, employing the original (and
identical) GLM design matrix from those studies. The generalized PPI
toolbox (gPPI; http://www.nitrc.org/projects/gppi; McLaren et al.,
2012) in SPM8 (Statistical Parametric Mapping, Wellcome Department
of Cognitive Neurology, London, UK) was used for connectivity analysis,
given that gPPI has the ﬂexibility to accommodate multiple task condi-
tions in the same connectivity model. For each subject, the underlying
neuronal activity that produced the physiological activity in the seed re-
gion was estimated by deconvolving the BOLD signal (Gitelman et al.,
2003) of the 54 task regressors. Then, a region of interest (ROI) analysis
(single-subject level) was performed using the general linear model in
SPM8 with the 54 PPI regressors, the 54 task regressors, 18 movement
parameters and the mean time course in the seed region. For both
seed regions, 3 PPI contrasts were created:
1 Wins–all non-wins.
2 Near-misses–full-misses.
3 Interaction effect of (near-miss–full-miss) × (participant-chosen–
computer-chosen trials).
These PPI contrast images were then entered into a one-sample t-
test at the group level, to test for group effects of the three contrasts.
In addition, signiﬁcant connectivity responses were followed up with
regressions against gambling severity for each seed. The regression
analyses with gambling severity controlled for age and gender by in-
cluding these variables as regressors in themultiple regression analyses.
The ROI was deﬁned anatomically using WFU PickAtlas (based on the
AAL atlas), comprising bilateral caudate and putamen, insula, anterior
cingulate cortex, middle orbitofrontal cortex and medial orbitofrontal
cortex (see Fig. 2). Connectivity analyses were thresholded at voxel-
wise p b 0.05 FWE corrected threshold with the ROI; subthreshold ef-
fects at a voxel-wise p b 0.001 uncorrected threshold (cluster threshold
of k= 5) are also noted as preliminary observations.
3. Results
3.1. Subjective ratings and gambling severity
The ratings data were analysed using repeated-measures ANCOVA,
with SOGS scores included as covariate. The post-selection ratings of
“How do you rate your chances of winning?” were signiﬁcantly higher
on participant-chosen trials compared to computer-chosen trials,
F(1,32) = 20.05, p b 0.001, but did not vary as a function of SOGS
score, F(1,32) = 0.003, p b 0.958.
On the post-outcome ratings of “Howmuch do youwant to continue
to play?”, there was a signiﬁcant main effect of Outcome, F(2,62) =
27.85, p b 0.001, driven largely by the winning outcomes (see Fig. 3),
and a Choice by Outcome interaction, F(2,62) = 13.43, p b 0.001. The
main effect of Choice was not signiﬁcant, F(1,32) = 2.64, p = 0.114.
Fig. 2. ROI including the bilateral caudate, putamen, insula, anterior cingulate cortex, middle orbitofrontal cortex and medial orbitofrontal cortex was used in the PPI analysis.
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than for computer-selected wins, t(32) = 3.51, p= 0.001. Participant-
chosen near-misses were not signiﬁcantly different from the
participant-chosen full-misses, t(32) = 1.493, p = 0.145, nor was
there a signiﬁcant difference between computer-chosen near-misses
and computer-chosen full-misses, t(32) = 0.014, p = 0.989. There
was a 3-way interaction of the gambling severity (SOGS) term by Out-
come by Choice, F(2,62) = 6.44, p b 0.001, driven by a positive correla-
tion between SOGS score and the ‘continue to play’ rating following
computer-chosen wins, r33 = .37, p=0.032, and a negative correlation
between SOGS score and the rating on computer-chosen full-misses,
r33 =−.41, p=0.012. Hence, gambling severity predicted greater mo-
tivations to play after computer-selected wins, and lower motivations
after computer-selected full-misses. There were no signiﬁcant correla-
tions between gambling severity and the difference score for near-
miss–full miss participant chosen ratings, nor with the difference
score for near-miss and full miss computer chosen ratings.3.2. GLM results
The contrast of wins minus all non-win outcomes (whole-brain
voxel-wise FWE b 0.05 corrected) showed activations in the bilateral
striatum (right: x, y, z: 16, 18, –6, Z = 5.90; left: x, y, z: –14, 0, 8, Z =
5.78) that were used to identify the two seeds, aswell as right thalamus
(x, y, z: 2, –16, 2, Z=6.39), left insula (x, y, z: –36, 18, –6, Z=5.29), bi-
lateral ACC (right: x, y, z: 0, 28, –4, Z= 4.70; left: x, y, z: –4, 40, 0, Z=
5.04), right middle cingulate (x, y, z: 8, –44, 34, Z= 4.62) and bilateral
cuneus (right: x, y, z: 8, –72, 34, Z= 4.63; left: x, y, z: –12, –76, 6, Z=
4.62).
The contrast of near-misses minus full-miss outcomes (whole-brain
voxel-wise FWE b 0.05 corrected) indicated activity in the right insula
(x, y, z: 38, 22, 4, Z = 4.76) and right striatum (x, y, z: 14, 6, –2, Z =Fig. 3. ‘Continue to play’ ratings were higher after participant-chosen wins than for com-
puter chosen wins. The bar reﬂects the standard errors of the mean.4.71), as described previously (Clark et al., 2009; see also Shao et al.,
2013; Dymond et al., 2014).
There were no signiﬁcant effects (whole-brain voxel-wise
FWE b 0.05 corrected) for the interaction between near-misses and per-
sonal control.3.3. Functional connectivity during processing of gambling outcomes
Following winning outcomes compared to all non-win outcomes,
therewere subthreshold (i.e. p b .001 uncorrected) increases in connec-
tivity for the left dorsal striatum seed in the left orbitofrontal cortex (BA
10, x, y, z: –40, 50, –2, Z= 3.62, k= 10) and for the right ventral stria-
tum seed in the bilateral posterior insula (left: x, y, z: –32, –24, 20, Z=
3.59, k= 6, and right: x, y, z: 34, –20, 22, Z= 3.46, k= 5) (see Fig. 4).
The near-miss minus full-miss contrast, and the interaction contrast
for near-misses (versus full-misses) by personal control, both showed
no signiﬁcant modulation of functional connectivity for either seed
region.3.4. Effects of gambling severity: functional connectivity
We tested whether the changes in functional connectivity in the
win–all non-win, near-miss–full misses, and the near-miss by per-
sonal control interaction term were further correlated with
gambling severity. For the win–non-win contrast, there was a sub-
threshold negative correlation between gambling severity and the
connectivity between the right ventral striatal seed and the left
ACC (x, y, z: –14, 44, 10, Z = 3.23, k = 6, see Fig. 5a): more severe
gambling problems were related to weaker connectivity between
the right ventral striatum and the left ACC following wins. There
were no associations with severity for the left dorsal striatal seed.
For the near-miss–full-miss contrast, there were no signiﬁcant cor-
relations between functional connectivity and gambling severity
for either seed.
For the interaction of near-misses by personal control, gambling se-
verity positively predicted connectivity between the right ventral
striatal seed and the bilateral insula (right: x, y, z: 40, 20, 8, Z = 4.08;
p b 0.05 FWE corrected, k= 32) with a subthreshold effect for the con-
tralateral region: x, y, z: –26, 14, 0, Z=3.60, k=16, p b 0.001 uncorrect-
ed, see Fig. 5b. Thus, as gambling severity increased, the connectivity
became stronger between the right ventral striatum and insula for
self-selected near-misses (compared to full-misses) relative to
computer-selected near-misses (compared to full-misses). To decom-
pose this effect, we compared beta values in the right and left insula
for the participant-chosen trials (near-misses versus full-misses) and
the computer-chosen trials separately. Positive correlations were ob-
served between the beta values for the participant-selected contrast
and SOGS scores in the right insula (r=0.451, p=0.008) and left insula
(r = 0.345, p = 0.050). For the computer-selected contrast the
correlations with SOGS score were non-signiﬁcant. Thus, the insula
Fig. 4. There were increases in connectivity for the left dorsal medial striatum seed in the left orbitofrontal (BA 10, x, y, z: –40, 48, –2, Z= 4.16; k= 48), and the right anterior cingulate
cortex (BA 32, x, y, z: 8, 36, 20, Z=3.62; k=10). For the right ventral striatum seed therewas increases in connectivity in the bilateral posterior insula (x, y, z: –32, –24, 20, Z=3.59, k=6).
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severity following participant-chosen outcomes.
4. Discussion
This study investigated the patterns of functional connectivity
followingwin and near-miss outcomes on a slot-machine game.We ex-
amined how functional connectivity following near-misses was modu-
lated by personal control; compared trials where either the participant
or the computer selected the play icon, putatively reﬂecting the ‘illusion
of control’ (Langer, 1975). We also examined the relationships between
the connectivitymeasures and gambling severity on an established self-
reported symptom scale, the South Oaks Gambling Screen. Many of our
results did not meet FWE (p b .05) signiﬁcance but these subthreshold
effects were nevertheless consistent with past research, showing that
winning outcomes increased connective strength between a seed in
the left dorsal (medial) striatum and the OFC, and between a right ven-
tral striatum seed and posterior insula (Peters and Buchel, 2010; Ballard
et al., 2011; Cohen et al., 2012; Park et al., 2012). In distinguishing the
two types of non-win outcomes−near-misses and full-misses−no con-
nectivity changes were observed following near-misses for either
striatal seed.
For win outcomes, gambling severity negatively predicted connec-
tivity between the right ventral striatum and the ACC. Thus, more
severe gamblers display weakened win-related connectivity between
established components of the reward network. These connectivity re-
sults are consistent with our previous ﬁndings indicating a weaker re-
sponse in regular gamblers (a group that included some problem
gamblers) tomonetary wins in several reward-sensitive regions includ-
ing the striatum and rostral anterior cingulate cortex (Chase and Clark,
2010) (although we note that the connectivity analysis is itself based
on an extended sample from the GLM analysis). Attenuated responses
in pathological gamblers to monetary outcomes have also been report-
ed by previous case control studies (Reuter et al., 2005; Balodis et al.,
2012). These results have led to the hypothesis that pathological gam-
bling suffer from an overall diminished reward sensitivity, reminiscent
of ﬁndings in individuals with drug dependence (Beck et al., 2009;
Bustamante et al., 2013; Patel et al., 2013). Our current study extends
previous data by indicating that gambling severity is associated with
less connectivity between reward-sensitive areas. Our ﬁndings comple-
ment the study by (Park et al., 2010), which reported an attenuated
frontal-striatal connectivity following different monetary outcomes
in alcohol dependent patients. They postulated that “enhancedconnectivity during reward contexts provides a mechanism that en-
ables reinforcement of the current action in the dlPFC by striatal reward
signals. Conversely, a relative lack of connectivity during unrewarded
behaviour would be expected to lessen the impact of an associated ac-
tion plan in dlPFC” (page 7752). Thus, the disrupted functional coupling
between striatum and orbitofrontal cortex in our case could be a mech-
anism underlying deﬁcits in reward guided decision-making as often
found pathological gambling (van Holst et al., 2010). Conﬁrmation of
how altered functional connectivity between frontal and striatal regions
affects decision-making performance is an important target for future
research.
In contrast to the negative correlations with gambling severity, we
found a signiﬁcant positive correlation in the ‘illusion of control’ con-
trast between gambling severity and connectivity between the ventral
striatum seed and right insula. The same relationship was observed
contralaterally at subthreshold signiﬁcance. These effects were driven
by positive striatal-insula correlations with gambling severity on the
participant-chosen trials. These data are congruent with accumulating
evidence for insula involvement in addiction-related drive states includ-
ing drug craving (Tang et al., 2012; Verdejo-Garcia et al., 2012). An fMRI
study investigating cue-reactivity in pathological gamblers found en-
hanced insula activity associated with stronger craving to gambling im-
ages (Goudriaan et al., 2010). Brain-injury patients with insula damage
reported a cessation of cigarette craving compared to patients with
damage to other regions (Naqvi et al., 2007), and a similar neuropsycho-
logical study using the two reel slot machine task also showed an aboli-
tion of the near-miss effect in patients with insula damage (Clark et al.,
2014). Given its well-recognized role in the processing of bodily feed-
back (Craig, 2002), the insula3s involvement in addictive behaviours
may be to signal the interoceptive aspects of compulsive urges (Gray
and Critchley, 2007). Based on the present ﬁndings, we would hypoth-
esize that excessive insula recruitment during illusion of controlmay be
a risk factor for the cognitive distortions and loss-chasing that are char-
acteristic of problem gambling.
Our selection of seed regions for the gPPI analyses was based on
overall group activation for the contrast of wins versus non-wins; this
data-driven approach resulted in seeds that were not bilaterally sym-
metrical. Our right striatal seed centred on a peak corresponding to nu-
cleus accumbens in the ventral striatum, whereas the left striatal seed
region corresponded to the dorsal medial striatum. These hotspots
may tap functionally segregated corticostriatal loops (Alexander et al.,
1986; Lawrence et al., 1998; Middleton and Strick, 2000; Postuma and
Dagher, 2006; Haber and Calzavara, 2009), such that the ventral
Fig. 5. a: Gambling severitywasnegatively correlatedwith connectivity between the right ventral striatumseed and the left ACC (x, y, z: –14, 44, 10, Z=3.23, k=6). b: In the interaction of
near-misses bypersonal control contrast, gambling severity positively predicted connectivity between the right ventral striatal seed and the bilateral insula (right: x, y, z: 40, 20, 8, Z=4.08,
k= 32 and for left: x, y, z: –26, 14, 0, Z= 3.60, k= 16).
237R.J. van Holst et al. / NeuroImage: Clinical 5 (2014) 232–239striatum is particularly implicated in reward-related processing, dem-
onstrating sensitivity to changes in subjective value (Knutson et al.,
2001; Rangel et al., 2008) and prediction-based learning (O3Doherty
et al., 2004), whereas the dorsal striatum is implicated in action-
contingency processing (Delgado, 2007), goal-directed learning
(Voorn et al., 2004), instrumental conditioning (O3Doherty et al.,
2004) and habit formation (Yin and Knowlton, 2006). Not surprisingly,
these striatum subdivisions are also distinguished with respect to corti-
cal connectivity, with the dorsal striatum connected to an associative
network with the prefrontal, sensorimotor and parietal association cor-
tices, and the ventral striatum connected with ventral portions of the
frontal lobe (Alexander et al., 1986; Middleton and Strick, 2000; Yin
and Knowlton, 2006; Haber and Knutson, 2010; Kahnt et al., 2012).
Based on this prior knowledge, it is surprising that our connectivity
ﬁndings for win outcomes were strongest between the dorsal medialstriatum seed and the OFC, whereas one would have perhaps expected
to ﬁnd connectivity between the ventral striatal seed and these regions.
However, multiple processes during win outcome processing are likely
to occur; involving subjective value and prediction-based learning, but
also goal-directed learning. Moreover, there is data suggesting that do-
pamine might direct information ﬂow from ventromedial frontostriatal
circuits, implicated in reward and motivation, to more dorsal
frontostriatal circuits, associated with cognition and action (Voorn
et al., 2004; Haber and Knutson, 2010), this information ﬂow could
have been reﬂected in our results.
Some limitations of the current study should be noted. First, we did
not replicate theﬁnding that following the near-misses compared to the
(objectively equivalent) full-misses elevated the desire to play the game
(Camara et al., 2009; Clark et al., 2012). This was probably due to inter-
mittent nature of ratings in the fMRI version compared to the previous
238 R.J. van Holst et al. / NeuroImage: Clinical 5 (2014) 232–239robust ﬁndings of behavioural studies outside the scanner. Second, we
did not have adequate power to compare near misses either side of
the payline, which may have some notable differences (Clark et al.,
2013). Third, in the current task, wins, near-misses and full-misses oc-
curred at different probabilities, and thus BOLD differences may also re-
late to ‘unexpectedness’ (see also Shao et al., 2013; Dymond et al.,
2014). During real-life gambling, different gambling outcomes are also
not evenly distributed and thus entwined with different unexpected-
ness. Fourth, the gPPI approach cannot be used to make inferences
about directionality. Therefore, identiﬁed patterns of connectivity
must be grounded in the context of the known neuroanatomy. Fifth,
in this study multiple tests were conducted which raises the chance of
false positives. Sixth, we used the SOGS questionnaire which is based
on DSM-III criteria for pathological gambling (Lesieur and Blume,
1987). Future studies could beneﬁt from using the newer Canadian
Problem Gambling Index (CPGI) questionnaire (Ferris and Wynne,
2001). Seventh, we covaried for age and gender, but as our group was
predominantlymale further studies are required to test whether our ef-
fects generalize to female gamblers.
5. Conclusions
To conclude, the present data indicate that near-misses are related
to a functional network associated with reward processing and
learning. More severe gambling problems were associated with
lower connectivity between reward-sensitive areas, consistent with pre-
vious ﬁndings of diminished reward sensitivity in pathological gambling.
Furthermore, the connectivity underlying the ‘illusion of control’ effect
was strongerwithin a network associatedwith craving and bodily arous-
al in more severe gamblers, which could stimulate gambling behaviour.
Acknowledgment
Thisworkwas supported by an Economic and Social Research Coun-
cil and Responsibility in Gambling Trust project grant to L.C. and T.W.
Robbins (RES-164-0010), and completed within the Behavioural and
Clinical Neuroscience Institute, supported by a consortium award from
the Medical Research Council (UK, Ref G1000183) and the Wellcome
Trust (UK, Ref 093875/Z/10/Z). The Centre for Gambling Research at
UBC is supported by an award from the British Columbia Lottery Corpo-
ration and the British Columbia Government. RvH was supported by an
European College for Neuropsychopharmacology (ECNP) Research
Grant for Young Scientists (Ref 120427).
References
Alexander, G.E., DeLong, M.R., Strick, P.L., 1986. Parallel organization of functionally segre-
gated circuits linking basal ganglia and cortex. Annual Review of Neuroscience 9,
357–381. http://dx.doi.org/10.1146/annurev.ne.09.030186.002041.
Ballard, I.C., Murty, V.P., Carter, R.M., MacInnes, J.J., Huettel, S.A., Adcock, R.A., 2011. Dor-
solateral prefrontal cortex drives mesolimbic dopaminergic regions to initiate moti-
vated behavior. Journal of Neuroscience 31, 10340–10346. http://dx.doi.org/10.
1523/JNEUROSCI.0895-11.2011.
Balodis, I.M., Kober, H., Worhunsky, P.D., Stevens, M.C., Pearlson, G.D., Potenza,M.N., 2012.
Diminished frontostriatal activity during processing of monetary rewards and losses
in pathological gambling. Biological Psychiatry 71, 749–757. http://dx.doi.org/10.
1016/j.biopsych.2012.01.006.
Beck, A., Schlagenhauf, F., Wüstenberg, T., Hein, J., Kienast, T., Kahnt, T., Schmack, K.,
Hägele, C., Knutson, B., Heinz, A., Wrase, J., 2009. Ventral striatal activation during re-
ward anticipation correlates with impulsivity in alcoholics. Biological Psychiatry 66,
734–742. http://dx.doi.org/10.1016/j.biopsych.2009.04.035.
Bustamante, J.C., Barrós-Loscertales, A., Costumero, V., Fuentes-Claramonte, P., Rosell-
Negre, P., Ventura-Campos, N., Llopis, J.J., Avila, C., 2013. Abstinence duration
modulates striatal functioning during monetary reward processing in cocaine pa-
tients. Addiction Biology. http://dx.doi.org/10.1111/adb.12041.
Camara, E., Rodriguez-Fornells, A., Münte, T.F., 2008. Functional connectivity of reward
processing in the brain. Frontiers in Human Neuroscience 2, 19. http://dx.doi.org/
10.3389/neuro.01.022.2008.
Camara, E., Rodriguez-Fornells, A., Ye, Z., Münte, T.F., 2009. Reward networks in the
brain as captured by connectivity measures. Frontiers in Neuroscience 3, 350–362.
http://dx.doi.org/10.3389/neuro.01.034.2009.Chase, H.W., Clark, L., 2010. Gambling severity predicts midbrain response to near-miss
outcomes. Journal of Neuroscience 30, 6180–6187. http://dx.doi.org/10.1523/
JNEUROSCI.5758-09.2010.
Clark, L., 2010. Decision-making during gambling: An integration of cognitive and psycho-
biological approaches. Philosophical Transactions of the Royal Society B: Biological
Sciences 365, 319–330. http://dx.doi.org/10.1098/rstb.2009.0147.
Clark, L., Crooks, B., Clarke, R., Aitken, M.R., Dunn, B.D., 2012. Physiological responses to
near-miss outcomes and personal control during simulated gambling. Journal of
Gambling Studies 28, 123–137. http://dx.doi.org/10.1007/s10899-011-9247-z.
Clark, L., Lawrence, A.J., Astley-Jones, F., Gray, N., 2009. Gambling near-misses enhance
motivation to gamble and recruit win-related brain circuitry. Neuron 61, 481–490.
http://dx.doi.org/10.1016/j.neuron.2008.12.031.
Clark, L., Liu, R., McKavanagh, R., Garrett, A., Dunn, B.D., Aitken, M.R.F., 2013. Learning and
affect following near-miss outcomes in simulated gambling. Journal of Behavioral De-
cision Making 26, 442–450. http://dx.doi.org/10.1002/bdm.1774.
Clark, L., Studer, B., Bruss, J., Tranel, D., Bechara, A., 2014. Damage to insula abolishes cog-
nitive distortions during simulated gambling. Proceedings of the National Academy
of Sciences of the United States of America 111, 6098–6103. http://dx.doi.org/10.
1073/pnas.1322295111.
Cohen, M.X., Bour, L., Mantione, M., Figee, M., Vink, M., Tijssen, M.A., van Rootselaar, A.F.,
van denMunckhof, P., Schuurman, P.R., Denys, D., 2012. Top-down-directed synchro-
ny from medial frontal cortex to nucleus accumbens during reward anticipation.
Human Brain Mapping 33, 246–252. http://dx.doi.org/10.1002/hbm.21195.
Côté, D., Caron, A., Aubert, J., Desrochers, V., Ladouceur, R., 2003. Near wins prolong gam-
bling on a video lottery terminal. Journal of Gambling Studies 19, 433–438. http://dx.
doi.org/10.1023/A:1026384011003.
Craig, A.D., 2002. How do you feel? Interoception: the sense of the physiological condition
of the body. Nature Reviews. Neuroscience 3, 655–666. http://dx.doi.org/10.1038/
nrn894.
de Ruiter, M.B., Veltman, D.J., Goudriaan, A.E., Oosterlaan, J., Sjoerds, Z., van den Brink, W.,
2009. Response perseveration and ventral prefrontal sensitivity to reward and pun-
ishment in male problem gamblers and smokers. Neuropsychopharmacology 34,
1027–1038. http://dx.doi.org/10.1038/npp.2008.175.
Delgado, M.R., 2007. Reward-related responses in the human striatum. Annals of the New
York Academy of Sciences 1104, 70–88. http://dx.doi.org/10.1196/annals.1390.002.
Dymond, S., Lawrence, N.S., Dunkley, B.T., Yuen, K.S., Hinton, E.C., Dixon, M.R., Cox, W.M.,
Hoon, A.E., Munnelly, A., Muthukumaraswamy, S.D., Singh, K.D., 2014. Almost
winning: Induced MEG theta power in insula and orbitofrontal cortex increases
during gambling near-misses and is associated with BOLD signal and gambling
severity. Neuroimage 91, 210–219. http://dx.doi.org/10.1016/j.neuroimage.2014.01.
019.
Elliott, R., Friston, K.J., Dolan, R.J., 2000. Dissociable neural responses in human reward
systems. Journal of Neuroscience 20, 6159–6165.
Elliott, R., Newman, J.L., Longe, O.A., Deakin, J.F., 2003. Differential response patterns in the
striatum and orbitofrontal cortex to ﬁnancial reward in humans: a parametric func-
tional magnetic resonance imaging study. Journal of Neuroscience 23, 303–307.
Ferris, J., Wynne, W., 2001. The Canadian Problem Gambling Index: Final ReportCanadian
Centre on Substance Abuse, Ontario.
First, M.B., Spitzer, R.L., Gibbon, M., Williams, J.B.W., 1996. Structured Clinical Interview
for DSM-IV Axis I Disorders, Clinician VersionAmerican Psychiatric Publishing,
Washington, D.C.
Gitelman, D.R., Penny, W.D., Ashburner, J., Friston, K.J., 2003. Modeling regional and psy-
chophysiologic interactions in fMRI: the importance of hemodynamic deconvolution.
NeuroImage 19, 200–207. http://dx.doi.org/10.1016/S1053-8119(03)00058-2.
Goudriaan, A.E., de Ruiter, M.B., van den Brink, W., Oosterlaan, J., Veltman, D.J., 2010. Brain
activation patterns associated with cue reactivity and craving in abstinent problem
gamblers, heavy smokers and healthy controls: an fMRI study. Addiction Biology
15, 491–503. http://dx.doi.org/10.1111/j.1369-1600.2010.00242.x.
Gray, M.A., Critchley, H.D., 2007. Interoceptive basis to craving. Neuron 54, 183–186.
http://dx.doi.org/10.1016/j.neuron.2007.03.024.
Haber, S.N., Calzavara, R., 2009. The corticobasal ganglia integrative network: the role
of the thalamus. Brain Research Bulletin 78, 69–74. http://dx.doi.org/10.1016/j.
brainresbull.2008.09.013.
Haber, S.N., Kim, K.S., Mailly, P., Calzavara, R., 2006. Reward-related cortical inputs deﬁne
a large striatal region in primates that interface with associative cortical connections,
providing a substrate for incentive-based learning. Journal of Neuroscience 26,
8368–8376. http://dx.doi.org/10.1523/JNEUROSCI.0271-06.2006.
Haber, S.N., Knutson, B., 2010. The reward circuit: linking primate anatomy and human
imaging. Neuropsychopharmacology 35, 4–26. http://dx.doi.org/10.1038/npp.2009.
129.
Habib, R., Dixon, M.R., 2010. Neurobehavioral evidence for the “near-miss” effect in path-
ological gamblers. Journal of the Experimental Analysis of Behavior 93, 313–328.
http://dx.doi.org/10.1901/jeab.2010.93-313.
Harsay, H.A., Cohen, M.X., Oosterhof, N.N., Forstmann, B.U., Mars, R.B., Ridderinkhof, K.R.,
2011. Functional connectivity of the striatum links motivation to action control in
humans. Journal of Neuroscience 31, 10701–10711. http://dx.doi.org/10.1523/
JNEUROSCI.5415-10.2011.
Hommer, D.W., Bjork, J.M., Gilman, J.M., 2011. Imaging brain response to reward
in addictive disorders. Annals of the New York Academy of Sciences 1216, 50–61.
http://dx.doi.org/10.1111/j.1749-6632.2010.05898.x.
Kahnt, T., Chang, L.J., Park, S.Q., Heinzle, J., Haynes, J.D., 2012. Connectivity-based
parcellation of the human orbitofrontal cortex. Journal of Neuroscience 32,
6240–6250. http://dx.doi.org/10.1523/JNEUROSCI.0257-12.2012.
Kassinove, J.I., Schare, M.L., 2001. Effects of the “near miss” and the “big win” on persis-
tence at slot machine gambling. Psychology of Addictive Behaviors 15, 155–158.
http://dx.doi.org/10.1037/0893-164X.15.2.155.
239R.J. van Holst et al. / NeuroImage: Clinical 5 (2014) 232–239Kishida, K.T., Montague, P.R., 2012. Imaging models of valuation during social interaction
in humans. Biological Psychiatry 72, 93–100. http://dx.doi.org/10.1016/j.biopsych.
2012.02.037.
Knutson, B., Adams, C.M., Fong, G.W., Hommer, D., 2001. Anticipation of increasing mon-
etary reward selectively recruits nucleus accumbens. Journal of Neuroscience 21,
RC159.
Langer, E.J., 1975. The illusion of control. Journal of Personality and Social Psychology 32,
311–328. http://dx.doi.org/10.1037/0022-3514.32.2.311.
Lawrence, A.D., Sahakian, B.J., Robbins, T.W., 1998. Cognitive functions and corticostriatal
circuits: insights from Huntington’s disease. Trends in Cognitive Sciences 2, 379–388.
http://dx.doi.org/10.1016/S1364-6613(98)01231-5.
Lesieur, H.R., Blume, S.B., 1987. The south Oaks gambling screen (SOGS): a new instru-
ment for the identiﬁcation of pathological gamblers. American Journal of Psychiatry
144, 1184–1188.
Limbrick-Oldﬁeld, E.H., van Holst, R.J., Clark, L., 2013. Frontostriatal dysregulation in drug
addiction and pathological gambling: consistent inconsistencies? NeuroImage. Clini-
cal 2, 385–393. http://dx.doi.org/10.1016/j.nicl.2013.02.005.
Liu, X., Hairston, J., Schrier, M., Fan, J., 2011. Common and distinct networks underlying
reward valence and processing stages: a meta-analysis of functional neuroimaging
studies. Neuroscience and Biobehavioral Reviews 35, 1219–1236. http://dx.doi.org/
10.1016/j.neubiorev.2010.12.012.
McLaren, D.G., Ries, M.L., Xu, G., Johnson, S.C., 2012. A generalized form of context-
dependent psychophysiological interactions (gPPI): a comparison to standard ap-
proaches. Neuroimage 61, 1277–1286. http://dx.doi.org/10.1016/j.neuroimage.2012.
03.068.
Middleton, F.A., Strick, P.L., 2000. Basal ganglia output and cognition: evidence
from anatomical, behavioral, and clinical studies. Brain and Cognition 42, 183–200.
http://dx.doi.org/10.1006/brcg.1999.1099.
Miedl, S.F., Fehr, T., Meyer, G., Herrmann, M., 2010. Neurobiological correlates of problem
gambling in a quasi-realistic blackjack scenario as revealed by fMRI. Psychiatry Re-
search 181, 165–173. http://dx.doi.org/10.1016/j.pscychresns.2009.11.008.
Miedl, S.F., Peters, J., Büchel, C., 2012. Altered neural reward representations in patholog-
ical gamblers revealed by delay and probability discounting. Archives of General Psy-
chiatry 69, 177–186. http://dx.doi.org/10.1001/archgenpsychiatry.2011.1552.
Naqvi, N.H., Rudrauf, D., Damasio, H., Bechara, A., 2007. Damage to the insula disrupts ad-
diction to cigarette smoking. Science 315, 531–534. http://dx.doi.org/10.1126/sci-
ence.1135926.
O’Doherty, J., Dayan, P., Schultz, J., Deichmann, R., Friston, K., Dolan, R.J., 2004. Dissociable
roles of ventral and dorsal striatum in instrumental conditioning. Science 304,
452–454. http://dx.doi.org/10.1126/science.1094285.
Pagnoni, G., Zink, C.F., Montague, P.R., Berns, G.S., 2002. Activity in human ventral
striatum locked to errors of reward prediction. Nature Neuroscience 5, 97–98.
http://dx.doi.org/10.1038/nn802.
Park, S.Q., Kahnt, T., Beck, A., Cohen, M.X., Dolan, R.J., Wrase, J., Heinz, A., 2010. Prefrontal
cortex fails to learn from reward prediction errors in alcohol dependence. Journal of
Neuroscience 30, 7749–7753. http://dx.doi.org/10.1523/JNEUROSCI.5587-09.2010.
Park, S.Q., Kahnt, T., Talmi, D., Rieskamp, J., Dolan, R.J., Heekeren, H.R., 2012. Adaptive
coding of reward prediction errors is gated by striatal coupling. Proceedings of the
National Academy of Sciences of the United States of America 109, 4285–4289.
http://dx.doi.org/10.1073/pnas.1119969109.
Patel, K.T., Stevens, M.C., Meda, S.A., Muska, C., Thomas, A.D., Potenza, M.N., Pearlson, G.D.,
2013. Robust changes in Reward circuitry during reward loss in current and former
cocaine users during performance of a monetary incentive delay task. Biological Psy-
chiatry 74, 529–537. http://dx.doi.org/10.1016/j.biopsych.2013.04.029.
Peters, J., Büchel, C., 2010. Neural representations of subjective reward value. Behavioural
Brain Research 213, 135–141. http://dx.doi.org/10.1016/j.bbr.2010.04.031.Postuma, R.B., Dagher, A., 2006. Basal ganglia functional connectivity based on a meta-
analysis of 126 positron emission tomography and functional magnetic resonance
imaging publications. Cerebral Cortex 6, 1508–1521. http://dx.doi.org/10.1093/
cercor/bhj088.
Rangel, A., Camerer, C., Montague, P.R., 2008. A framework for studying the neuro-
biology of value-based decision making. Nature Reviews. Neuroscience 9, 545–556.
http://dx.doi.org/10.1038/nrn2357.
Reuter, J., Raedler, T., Rose, M., Hand, I., Gläscher, J., Büchel, C., 2005. Pathological gambling
is linked to reduced activation of the mesolimbic reward system. Nature Neurosci-
ence 8, 147–148. http://dx.doi.org/10.1038/nn1378.
Schultz, W., Tremblay, L., Hollerman, J.R., 2000. Reward processing in primate
orbitofrontal cortex and basal ganglia. Cerebral Cortex 272–284. http://dx.doi.org/
10.1093/cercor/10.3.272.
Shao, R., Read, J., Behrens, T.E., Rogers, R.D., 2013. Shifts in reinforcement signalling while
playing slot-machines as a function of prior experience and impulsivity. Translational
Psychiatry 3, e235. http://dx.doi.org/10.1038/tp.2013.10.
Stefan, S., David, D., 2013. Recent developments in the experimental investigation of the
illusion of control. A meta-analytic review. Journal of Applied Social Psychology 43,
377–386. http://dx.doi.org/10.1111/j.1559-1816.2013.01007.x.
Talairach, J., Tournoux, P., 1988. Co-planar Stereotactic Atlas of the Human Brain: 3D Pro-
portional System: An Approach to Cerebral ImagingThieme, New York.
Tanabe, J., Thompson, L., Claus, E., Dalwani, M., Hutchison, K., Banich, M.T., 2007. Prefron-
tal cortex activity is reduced in gambling and nongambling substance users during
decision-making. Human Brain Mapping 28, 1276–1286. http://dx.doi.org/10.1002/
hbm.20344.
Tang, D.W., Fellows, L.K., Small, D.M., Dagher, A., 2012. Food and drug cues activate similar
brain regions: a meta-analysis of functional MRI studies. Physiology & Behavior 106,
317–324. http://dx.doi.org/10.1016/j.physbeh.2012.03.009.
van den Bos, W., Cohen, M.X., Kahnt, T., Crone, E.A., 2012. Striatum-medial prefrontal
cortex connectivity predicts developmental changes in reinforcement learning.
Cerebral Cortex 22, 1247–1255. http://dx.doi.org/10.1093/cercor/bhr198.
van Holst, R.J., van den Brink, W., Veltman, D.J., Goudriaan, A.E., 2010. Why gamblers fail
to win: a review of cognitive and neuroimaging ﬁndings in pathological gambling.
Neuroscience and Biobehavioral Reviews 34, 87–107. http://dx.doi.org/10.1016/j.
neubiorev.2009.07.007.
van Holst, R.J., Veltman, D.J., Büchel, C., van den Brink, W., Goudriaan, A.E., 2012a.
Distorted expectancy coding in problem gambling: is the addictive in the anticipa-
tion? Biological Psychiatry 71, 741–748. http://dx.doi.org/10.1016/j.biopsych.2011.
12.030.
van Holst, R.J., Veltman, D.J., van den Brink, W., Goudriaan, A.E., 2012b. Right on cue?
Striatal reactivity in problem gamblers. Biological Psychiatry 72, e23–e24. http://dx.
doi.org/10.1016/j.biopsych.2012.06.017.
Verdejo-García, A., Bechara, A., 2009. A somatic marker theory of addiction. Neurophar-
macology 56 (Suppl. 1), 48–62. http://dx.doi.org/10.1016/j.neuropharm.2008.07.035.
Verdejo-Garcia, A., Clark, L., Dunn, B.D., 2012. The role of interoception in addiction: a crit-
ical review. Neuroscience and Biobehavioral Reviews 36, 1857–1869. http://dx.doi.
org/10.1016/j.neubiorev.2012.05.007.
Voorn, P., Vanderschuren, L.J., Groenewegen, H.J., Robbins, T.W., Pennartz, C.M., 2004. Put-
ting a spin on the dorsal-ventral divide of the striatum. Trends in Neurosciences 27,
468–474. http://dx.doi.org/10.1016/j.tins.2004.06.006.
Wallace, D.L., Vytlacil, J.J., Nomura, E.M., Gibbs, S.E., D’Esposito, M., 2011. The dopamine
agonist bromocriptine differentially affects frontostriatal functional connectivity dur-
ing working memory. Frontiers in Human Neuroscience 5, 32. http://dx.doi.org/10.
3389/fnhum.2011.00032.
Yin, H.H., Knowlton, B.J., 2006. The role of the basal ganglia in habit formation. Nature Re-
views. Neuroscience 7, 464–476. http://dx.doi.org/10.1038/nrn1919.
